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1. Introduction and motivation

Enlarged Higgs sector: Two Higgs doublets
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gauge couplings, in contrast to SM

Five physical states: h0, H9, A0, H* (no CPV at tree-level)

2 C’P-violating phases: &, arg(m1i»o)

Input parameters: tan g = % M g+
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Contrary to the SM:

my, IS not a free parameter

MSSM tree-level bound: m; < My, excluded by LEP Higgs searches

LLarge radiative corrections:
Dominant one-loop corrections:

msz. Mz
2 4 i1 "o
Ami ~ Gpmy In (—2>
my

The MSSM Higgs sector is connected to all
other sector via loop corrections
(especially to the scalar top sector)

Measurement of my, Higgs couplings = test of the theory

LHC: Amj, ~ 0.2 GeV
ILC: Amy, ~ 0.05 GeV

= aim for theoretical precision!

(= my, will be (the best?) electroweak precision observable)
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Example of application/motivation (I): m, prediction as a function of A;

[S.H., S. Kraml, W. Porod, G. Weiglein '02]
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mgl,mgQ,mgl,m'BQ known,
Ay unknown

tan 3, M4 known,
realistic parametric

errors assumed
(from SUSY exp. errors)

— extraction of A; possible
Theory error neglected

= my, iS crucial input for SUSY fit programs (Fittino, Sfitter)
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Example of application/motivation (II):
search for cMSSM Higgs bosons at LEP

[LEP Higgs Working Group '06]

- Theoretically -
1 CPX Inaccessible
020 40 60 80 100 120 140
m,,, (GeV/c’)

= Large unexcluded
domains

even for very low Higgs
masses

= precise prediction
for Higgs masses
and decay widths
necessary
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The Higgs sector of the cMSSM at tree-level:

e phase of mqo :

mi1> = 0 and = 0 = additional U(1) (PQ) symmetry

reality: m1># 0, u# 0
= perform PQ transformation with ¢pqg

13l = (e —tm)
= Mei(qﬁu—qﬁPQ)

= m1o Can always be chosen real

e phase of H»o: &

mixing between CP-even and CP-odd states:

0 m%,Sin ¢
Mep_evencP—odd = 5
—m7,SiN§ 0

|
Tadpoles have to vanish: T§®® « siné m7, =0
= & = 0 = no CPV at tree-level

Sven Heinemeyer, Loops and Legs 2006, 25.04.2006



The Higgs sector of the cMSSM at the |loop-level:

Complex parameters enter via loop corrections:

— u > Higgsino mass parameter

— Ay pr 0 trilinear couplings = X, . = A, - — p*{cot 3, tan 3} complex
— My o gaugino mass parameter (one phase can be eliminated)

— M3 @ gluino mass parameter
= can induce CP-violating effects
Result:
(A, H,h) — (h3,ho,h1)
with

Mpy > Mp, > Mp,y

= strong changes in Higgs couplings to SM gauge bosons and fermions
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t/b sector of the MSSM: (scalar partner of the top/bottom quark)

Stop, sbottom mass matrices (X¢ = A, — p*/tan @, X, = A, — p*tan B):

5 Mi? + m? + DTy, me X/ 0 th 0
Mz = L —L 1
my X Mg +mf + DTy, 0 mg
2 2 2
M2 — MEL + mp + DTy, my X, 0; mg. 0
—6 — —>
my X}, M.b2R + mg + DTy, 0 m-gz

mixing important in stop sector (also in sbottom sector for large tan )

soft SUSY-breaking parameters A;, A, also appear in qﬁ-t”/'B couplings

1
2 2 ] [2 A [2 ) [2 ) [2 2 2 X 2
mfl’Q — My T 5 ( tr + tp \/( tr, ER) + 4mt | t| )

— independent of ¢,
but 67 is now complex

SU(2) relation = MEL — MEL = relation between mfl,mfz,Hg, m617m62795
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2. Two-loop corrections in the cMSSM Higgs sector

Inclusion of higher-order corrections:
— Feynman-diagrammatic approach

Propagator / mass matrix with higher-order corrections:

/ g — M2+ 3 44(q%) > an(q®) > an(q?) \
> na(q?) > —m?% + X yu(d?) > gn(g?)
\ >ha(q®) > (a”) 0> —=m? + Zpn(a?)

>,i(¢®) (i,j = h,H, A) : renormalized Higgs self-energies
> an, 2o =0 = CPV, CP-even and CP-odd fields can mix

Our result for 3;;:
— full 1-loop evaluation: dependence on all possible phases included
— New: O (atas) corrections in the FD approach

rMSSM: difference between FD and RGIEP approach O (few GeV)
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rMSSM: difference between FD and RGIEP approach O (few GeV)
[M. Carena, H. Haber, S.H., W. Hollik, C. Wagner, G. Weiglein '00]
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= same order of differences expected for the complex case
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O (aras) corrections in the FD approach

— only y7 contributions
— g, —0
— external momentum — O

= Two-loop diagrams
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Contributions to the 2-loop self-energy:

2-loop self-energy diagrams:
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Contributions to the 2-loop self-energy:

2-loop self-energy diagrams:

g
t
HE
b
tr ~ ~ b
T s t
A S A A
4 g TR AP
HE i E= H* ;s - _J___
\\»—// B‘\ /('6 H:l: H:|:
T () ()

new: H* as external Higgs (via renormalization)

= b/b enter (even diagrams without t/T: HTH b;b; ~ y?)
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O (aras) corrections in the FD approach

— only y7 contributions
- 9,9 =0

— external momentum — O
= Two-loop diagrams

new: H=* as external Higgs (via renormalization)
— b/b enter (even diagrams without ¢/7)
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O (aras) corrections in the FD approach

— only y7 contributions
- 9,9 =0

— external momentum — O
= Two-loop diagrams

new: H* as external Higgs (via renormalization)
— b/b enter (even diagrams without ¢/7)

Differences to real case:

— = b/b enter
— A; complex = complex £ mixing angle enters

— M3z complex , but mg is real (and positive)

= phase of M3 enters gluino vertices

= many more scales

= Renormalization ...
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Evaluation of 2-loop diagrams:

1. Generation of diagrams and amplitudes with FeynArts
[Kiiblbeck, Bohm, Denner '90] [Hahn '00 - '05]

2. Algebraic evaluation and tensor integral reduction to scalar integrals:
TwocCalc

(works for two-loop self-energies)
[G. Weiglein '92] [G. Weiglein, R. Scharf, M. Bbhm '94]

3. Further evaluation: insertion of integrals, expansion in § = %(4 — D)
— algebraical check: cancellation of divergencies

4. Result:

— algebraic Mathematica code
— Fortran code (currently implemented into FeynHiggs)
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O (apas) corrections in the FD approach: Renormalization (I)

Two-loop renormalization:

=(2) _ (2 2 2 (2
Zl(zh) — Zl(zh) + Cﬁ_a(SMHgE )
© 2 (2) 5 (2)
+2MZ3WCW (Cﬁ—asﬂ—a(STH — sﬁ_a(l —+ Cﬂ—a)(STh )
ZhA — ZhA — 2M23chsﬁ_a5TA

e use M+ as on-shell mass, since A mixes with h, H in higher orders

7 : 2
= b sector enters via oM. = 2+
— renormalization of the b sector — subloop renormalization

e |loop corrections: Ty = 0 = renormalized to zero

= T4 = T4 enters renormalized self-energies >, 4, > 74
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O (apas) corrections in the FD approach: Renormalization (II)

sub-loop renormalization:

= One-loop diagrams with CT insertion
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Contributions to the 2-loop self-energy:

diagrams with counter term insertion:

¢ =nh, H A
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Contributions to the 2-loop self-energy:

diagrams with counter term insertion:

. R b
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new: HT as external Higgs
= b/b enter (even diagrams without ¢/7)
= renormalization of the b sector
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O (apas) corrections in the FD approach: Renormalization (II)

sub-loop renormalization:

= One-loop diagrams with CT insertion

e b sector enters via M7, =3 p
= renormalization of the b sector: my = 0 = only 5m5L

e 1) A; complex
= renormalization of |A;| and ¢ 4,: 0A; = ei¢At5|At| + 1A 004,
(no renormalization of u, no O (as) corrections)
= DR renormalization

e 2) 0 complex
= renormalization of |0z and ¢y:
= On-shell renormalization via

Re iglz(mgl) + Re iflz(mgz) = 0

= Re Zflz(mtgl) + Re zflz(mgz) — ei¢f(m§1 — m§2) x (6607 + i spcpdopy)

= evaluate §| A+ and dp 4, as dependent parameters
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3. Numerical results

my, as a function of ¢y4,:
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OS renormalization

= modified dependence
on gbAt at the 2-loop level
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mp, as a function of ¢4,:
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OS renormalization

= modified dependence
on ¢4, at the 2-loop level
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Comparison of ¢4, and ¢x, dependence:

|At‘ = 2.6 TeV ‘Xt| = 2.5 TeV
150 . . . 150
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= one-loop: phase dependence only via shift in £ masses
= two-loop: addition, real phase dependence
(smaller than full ¢ 4, dependence)
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mp, as a function of A;:
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OS renormalization

1L: shift in | Ay,
no change in max[my,,|

2L: max[my,, ] depends
on ¢4,
position of maximum
shifted
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mp, as a function of ¢;:
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4. Conclusinos

e — The LHC/ILC will provide high precision results for a light Higgs
— MSSM Higgs masses and couplings is connected via radiative
corrections to all other sectors
— good motivation for high-precision (two-loop) calculation

e Evaluation of O (atas) corrections in the cMSSM:

— two-loop self-energies (vanishing ext. momentum) with many scales
— new: ¥+ enters via renormalization = b sector enters

— new: £ mixing complex

— new: g mass parameter complex

— new: renormalization for complex parameters

e Numerical results:

— large shifts in |A¢| possible
— ¢4, dependence modified at the two-loop level
— ¢ dependence O (2 GeV) possible

e Results are currently implemented into FeynHiggs (www.feynhiggs.de)
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